Sublethal injury was noted in Escherichia coli after cells were exposed to solar radiation. Injury was detected by differential plate counts between complete and miniimal media that were observed with sunlight-exposed cells but not with cells kept in the dark. Since addition of catalase or pyruvate to minimal medium overcame or repaired this injury, the catalase system appeared to be the site of injury.
Compared to "nonselective" methods, selective enumerative techniques often give lower concentration estimates of target enteric bacteria that have been exposed to the aquatic environment. Numerous investigators have made this observation and concluded that gram-negative bacteria can sustain sublethal injury in coastal and inland surface waters (3, 8, 17, 24, 26) . That is, exposure to the aquatic environment appears to physiologically stress a significant portion of enteric bacterial populations. Such stress renders cells sensitive to selective growth conditions, which are innocuous for undamaged, laboratory-grown cells. Hence, affected cells are considered injured or damaged.
Injury to Escherichia coli in water is of particular concern, since E. coli is widely used as an indicator of fecal contamination. Where a substantial population of stressed E. coli occurs, selective enumerative methods may underestimate the true concentration of viable organisms. A false assessment of the actual health risks associated with use of such water could result, since damaged cells of bacterial pathogens can be as virulent as undamaged cells (27) and since nonbacterial pathogens, such as viruses, may not be identically susceptible to agents which damage E. coli (18) .
Recent research has been principally directed towards identifying specific experimental agents (e.g., incubation temperature, surfactants) which can inhibit injured bacteria (17, 24, 31, 32) . These efforts have led to the development of improved techniques for enumerating the total population of target bacteria in contaminated waters (3, 8, 12, 17, 24, 26) . By comparison, relatively little research has focused on identifying and quantifying the principal agents of cellular injury in the aquatic environment (1, 31, 32) .
We report here data which show that exposure to sunlight can cause sublethal damage to E. coli in coastal seawater. Injury was detected by differential plate counts between complete and miniimal media that were observed with sunlight-exposed cells but not with cells kept in the dark. Since addition of pyruvate or catalase to the miniimal medium eliminated this concentration differential, we conclude that the catalase system is a plausible site of sunlight-induced injury to E. coli in seawater.
MATERIALS AND METHODS
A strain of E. coli was isolated from an eosin methylene blue agar plate that had been directly inoculated with human feces and was maintained on agar slants made with brain heart infusion broth. The experinental isolate was confirmed as E. coli by Gram stain morphology, oxidase reaction, and the API 20E diagnostic system (Analytab Products Inc., Plainview, N.Y.).
Cell suspensions for survival trials were exponential-phase cultures in minimal glucose broth, which was made by adding 10 ml of a filter-sterilized stock solution of glucose (100 g liter-) to 1 liter of autoclaved mineral salts solution. The mineral salts solution consisted of 1.0 g of NH4Cl, 6.0 g of Na2HPO4, 3.0 g of KH2PO4, 0.2 g of MgSO4. 7H20, and 0.5 g of NaCl per liter of glass-distilled deionized water.
Seawater was obtained from a coastal site at Nahant, Mass., and was brought to the laboratory within 2 h of sampling. Filtration of the seawater in 4-liter lots began as soon as possible, using a series of filters which culminated with a 0.1-fim Nuclepore polycarbonate filter (Nuclepore Corp., Pleasanton, Calif. coli concentrations was 103 to 105 colony-forming units (CFU) ml-'. Inoculated beakers were then placed in a temperature-regulated bath on the rooftop of our laboratory. Dark survival trials were initiated in the same manner except that the experimental vessels were 500-ml, aluminum foil-covered, screw-capped flasks, and in some instances, the flasks were placed in a temperature-regulated water bath in our laboratory for extended incubations. From the initial volume of temperature-acclimated seawater, an additional 300 ml was poured into a biological oxygen demand bottle, which was capped and refrigerated, for subsequent analysis of dissolved oxygen (29) . This served to verify aerobic conditions during the experiment.
Periodically, 1.0-ml aliquots were removed from the beakers and flasks for enumeration of viable cells by the spread plate technique. Lactose nutrient agar (LNA) and minimal glucose agar (MGA) were the principal media used. The former consisted of 15 g of agar and 8 g of lactose broth per liter of glass-distilled water. For MGA, 20 g of agar was autoclaved in 1 liter of mineral salts solution, and 10 ml of a filter-sterilized stocksolution of glucose (100 g liter-') was added after cooling the molten agar. Agar plates were air dried in the dark at room temperature for 3 days before use. Appropriate decimal dilutions were made in 0.1% proteose peptone in 10 mM phosphate buffer (pH 7.0). All reported concentrations are arithmetic averages of duplicate spread plates which were incubated for 48 h at 370C.
For supplemented MGA, sodium pyruvate, sodium succinate, and malic acid were added (1 g liter-' in final mix) to mineral salts agar before autoclaving. For supplemented LNA, sodium pyruvate (1 g liter-') was similarly added before autoclaving. Bovine catalase was added to agar plates by spread-plating 0.1-ml aliquots of a filter-sterilized stock solution (1 g liter-' = 275 U plate-'). The catalase solution was prepared and added to agar plates within 6 h of use of the plates.
Glass-distilled deionized water was used to prepare all reagents and media. Glucose, sodium succinate, and all inorganic compounds were of Fisher certified grade (Fisher Scientific Co., Pittsburgh, Pa. For the survival experiments discussed here, the water bath temperature was set at 10 to 25°C. For dark survival tests, the seawater temperature was generally no more than 1°C higher than that of the bath. For sunlight exposure experiments, the seawater temperature was as much as 3°C higher than that of the bath. SOLAR RADIATION AND E. COLI 671 RESULTS During our study of the survival of E. coli in coastal seawater, we observed a media effect with sunlight-exposed cells that did not occur with cells kept in the dark. Specifically, we noted with the spread plate technique that concentration estimates of sunlight-exposed E. coli on MGA were consistently lower than estimates based on LNA. Furthermore, the discrepancy increased with duration of sunlight exposure during any given survival experiment. On the other hand, concentration estimates with the two media were indistinguishable when cells kept in the dark were enumerated. This media effect is exemplified by the results of one survival trial at 15°C (see Fig. 1 ). With as little as 0.5 h of exposure to sunlight, the spread plate count of E. coli on LNA was 1.7 times higher than that with MGA. This ratio increased to 5.4 and 2,340 after 1.0 and 1.5 h of sunlight exposure, respectively. That is, after 1.5 h of sunlight exposure more than 99.9% of the potentially culturable population of E. coli in seawater could not be enumerated with the selective minimal medium. However, when cells kept in the dark were enumerated, plate counts with the two media were indistinguishable. Consequently, the media ef- (15) indicates that we can reject the null hypothesis that the two media gave identical estimates of sunlight-exposed E. coli. For these samples, the median logarithmic differential was 0.82 and the 98% confidence interval for the median was 0.21 to 1.99.
For cells not exposed to sunlight, plate counts with LNA and MGA were indistinguishable. The data in Table 1 verify the pattern exhibited in Fig. 1 (1, 4, 31, 32) .
Generally, solar radiation has been discounted as an agent in the ecology of non-photosynthetic microorganisms in natural waters (13) . This view is based in part on the misconception that only far-ultraviolet radiation (X ' 280 nm) is harmful to microorganisms and that nucleic acids are the only sites of photochemical damage (20, 28) . However, carotenoidless microorganisms, such as E. coli, can sustain a variety of disabling effects upon exposure to visible light or nearultraviolet radiation (6, 9, 10, 14, 16, 19, 20, 23, 28) .
The constituent of many cellular proteins (21) . Peroxides produced in this way could reduce cellular catalase activity and render the cells sensitive to otherwise innocuous peroxide concentrations (7, 30) . Second, catalase is a porphyrin, a class of compounds which have been shown to be effective photosensitizers in oxygenated solutions (20, 28) . In this regard, it is interesting to note the work of Mitchell and Anderson (22, 23) showing that catalase activity is reduced in vitro and in whole cells upon sunlight exposure via a photosensitized reaction. It is unclear from our experiments whether the source of inhibitory peroxides is exogenous (i.e., in the media) or endogenous (i.e., from aerobic metabolism of sugars). The presence of peroxides in bacteriological media has long been suspected as a cause of poor medium performance (2, 5, 11 Our data suggest that supplementation of media with peroxide scavengers is a promising approach to the recovery and enumeration of E. coli in sunlit marine waters. Since most facultative bacteria possess catalase (7), one would expect peroxide scavengers to have a similar effect on the enumeration of other gram-negative bacteria, like the salinonellae. In this regard, catalase is probably preferable to pyruvate, because of its specificity of reaction and because pyruvate could interfere with desirable, selective properties of some media.
We have presented evidence implicating the catalase system as a site of sunlight-induced injury in E. coli in seawater. However, damage to other enzyme systems may also occur upon sunlight exposure (20) and may be equally important. At the very least, researchers involved in the development and evaluation of enumerative methods should be cognizant of solar radiation as a potential agent of sublethal injury to E. coli in the environment (9, 10) .
